ABSTACT: In the present study, the formation mechanism and distribution rule of residual stress in disc milling grooving of titanium alloy were studied. The residual stress was measured by x ray diffraction method. First, a polybasic linear regression model about residual stress was established by linear regression technology, which was tested by "F" method. Then, the effect of milling parameters (spindle speed, depth of cut and feed speed) on residual stress was investigated. The results showed that σ Ax and σ Ay (σ Ax and σ Ay represented the residual stress of machined surface made by the tool main cutting edge in x and y directions, respectively) increased with the increase of depth of cut and feed speed, but decreased with the increased spindle speed. For σ Bx (σ Bx represented the residual stress of machined surface made by the tool minor cutting edge in x direction), the residual stress decreased with the increase of spindle speed and depth of cut, but increased with the increase of feed speed. The effect of feed speed on σ Ax and σ Ay was most obvious, then was spindle speed. σ Bx was most sensitive to depth of cut, then was feed speed, the last was spindle speed. Residual compressive stress was observed on all machined surface and subsurface. In addition, the residual stress on A surface and subsurface was bigger than B surface and subsurface, it was due to the combination effect of milling force and milling heat.
INTRODUCTION
The titanium alloy is widely used in aerospace, aviation, automobile and others industries because its advantages like small density, high temperature resistance and good corrosion resistance (Mhamdi et al., 2012) . However, the machining qualities and efficiency are limited by the unique material characteristics of titanium alloy like low thermal conductivity, small elastic modulus and high chemical activity, which can bring high cutting temperature, great cutting force and small distortion coefficient . Serious plastic deformation is observed when improper cutting factors are utilized, leading to adverse effects on fatigue life of parts (Safari et al., 2015) .
It is reported that the state of titanium alloy surface can be improved during machining process. Small residual stress and harden layer can be obtained by high speed milling operation (Ge et al., 2007) . With increasing spindle speed, milling surface quality becomes better (Du et al., 2008) . But the increment of spindle speed may enhance cost and induce much more residual tensile stress (Wang et al., 2011) . Other cutting factors such as axial cutting depth and feed rate are also taken into account and relatively low effect on surface roughness and surface topography compared with spindle speed Ma et al., 2014) . Temperature produced in cutting process is the other crucial element for machining. Yang et al. carries out two-dimensional simulations of TC4 titanium alloy in high-speed milling process. They find that the highest temperature in the cutting zone located on the tool chip interface. Some people also force on the influence of tool types and cutting types on the surface integrity . For example, Yao et al. researches residual stress of TC11 under different conditions including the cooling and tool rake angle. The results show that emulsion cooling gets the highest surface residual compressive stress and the dry cutting gets the lowest. Yang et al. aims at surface integrity of TC4 in high speed side milling. It is demonstrated that better surface integrity and higher material removal rate can be obtained at 320-380m/min than at 80-120m/min.
Disc milling is widely used in machining for its capability to provide huge cutting force and high milling efficiency. It is a quite new method applied in blisk machining. The grooving efficiency for blisk is greatly improved using disc milling approach verified by experiments (Shi and Zhao, 2011; Dong et al.,2014) . However, the deeper residual stress layer caused by big milling force and milling heat, which has a significant effect on fatigue life of parts. Based on the best of our knowledge, relatively few studies have been dedicated to disc milling, especially research on the thermal-mechanical coupling effect on residual stress. The present work investigates the residual stress of titanium alloy after disc milling grooving. First, the disc milling grooving experiment is designed, and the surface residual stress is measured by x ray diffraction method. Based on the results, thermal-mechanical coupling effect on residual stress is analyzed to study the formation of residual stress. The experimental results provide the experimental basis and theoretical foundation for optimization technological parameters and research on surface integrity of disc milling grooving for blisk.
MATERIALS AND METHODS

Materials
Titanium alloy (Ti-6Al-4V) is chosen as the experiment material in this study, which is one kind of α+β phase titanium alloy. It has many advanced properties like good comprehensive mechanics performance, great specific strength and low thermal conductivity which extends its applications in aviation. The main chemical composition are shown in Table 1 . The mechanical properties are shown in Table 2 . Nine cuboid samples with the size 120 mm×60 mm×15 mm are prepared to measure residual stress. Table 2 . Mechanical properties of TC4.
Experiment condition
XH716 VMC is utilized as the milling machine. Staggered teeth disc cutter with three cutting edges is applied for climb milling under wet cutting condition. The parameters of disc cutter are shown in Table 3 . Milling parameters of disc milling are set as follows: spindle speed are 40r/min, 70r/min and 100r/min, depth of cut are 10mm,15mm and 20mm, and feed speed are 60mm/min, 80mm/min and 100mm/min respectively according to the properties of the machine, tool diameter and the tunnel properties of blisk. The specific Milling parameters of disc milling are shown in Table 4 . 
Methods
Residual stress is measured in XStress 3000 with Cu-Kα radiation using the ψ-tilt X-ray method. Three equidistant points, along the x and y direction on A machined surface respectively, along the x direction on B machined surface, are selected to test the surface residual stress. The mean value of them is taken as the results of σ Ax , σ Ay and σ Bx . The measurement of residual stress is shown in Figure 1 .
The results are shown in Table 4 . The distribution of residual stress is measured with electrochemical method. The specific operation is as follows: the machined surface is stripped with electropolisher, the stripped depth is 10~20 um when the electrolytic time is 15 s. The change of depth is measured with the micrometer. For samples stripped, the residual stress is tested until close to the body material's residual stress.
RESULTS AND DISCUSSIONS
Linear regression model prediction
The mathematical model of residual stress is built based on the data in Table 4 9  93  3  92  2  91  1  0  9   2  23  3  22  2  21  1  0  2   1  13  3  12  2 
The effect of milling parameters on residual stress can be obtained from the formula (9) and (10). It proves that σ Ax and σ Ay increase with the increase of a p and v f , but decrease with increased n. For σ Bx , the residual stress decreases with the increase of n and a p , but increase with the increase of v f . These models also predict the sensitive of residual stress to the milling parameters. This is that σ Ax and σ Ay are most sensitive to v f changing, then is n. The insensitive one is a p . σ Bx is most sensitive a p , then is v f , the last is n.
The "F" method is taken to test the linear regression model's significance. The results are as follows: F σAx =17.197＞F 0.01 (3, 5) (3, 5) =5.41, which means a good regression effect.
The interaction effects of milling parameters on residual stress
In order to choose a better combination of milling parameters, the interaction effect of milling parameters on residual stress must be investigated.
Based on the prediction model of residual stress σ Bx , the response surface for different combination of milling parameters are established, as shown in Figure 2 . The L, M and H represent the low, middle and high zone of residual stress, respectively. The more curved is the response surface, the more significant is the interaction effect of the milling parameters on residual stress σ Bx . The interaction effect of n and a p on σ Bx is shown in Figure 2 (a). The range of σ Bx is from -109.77 Mpa to -403.858 Mpa, and the maximum stress appears in the zone of low spindle speed and little depth of cut. This because in a way that low spindle speed and little depth of cut lead to great milling force and temperature, which tends to induce cold plastic deformation on the machined surface and volume expansion of the skin layer material, leading more residual compressive stress . Figure 2(b) shows that the higher residual stress appears in the region of "high feed speed" disregarding of the effect of n in the range of 40 r/min to 100 r/min. The σ Bx increases with the increase of v f from 40 mm/min to 100 mm/min. This can be explained as follows: first, the increase in v f induces an increment of the milling area, which increases the shear and friction forces, thus milling force increases. Second, the cutting output in time units increases with increasing v f , while the contact time between cuttings and rake face is shorter. Showing that the chip heat is difficult to release, which causes the milling temperature rise .
The effect of a p and v f on σ Bx is shown in Figure  2(c) , where σ Bx is higher than -350 Mpa and occurs in the zone of "high feed speed and little depth of cut "(zone H), and σ Bx that is lower -250 Mpa appears in the zone of "low feed speed and big depth of cut"(zone L). The range of σ Bx under other milling condition, as seen within the zone M, is . This is because a large thermal plastic deformation is prone to occur near the surface layer of workpiece under this milling condition. 
Residual stress distribution of the subsurface
In order to improve fatigue life of part, the consideration of residual stress value on machined surface in not enough. Distribution of residual stress on subsurface plays a more significant role on the fatigue life. Samples machined with milling parameters of #3, #6 and #8 are selected to study residual stresses distribution.
The residual stress distribution law curves of samples are plotted in Figure 3 , where h is the depth below the surface. The curves indicate that residual compressive stress appears below the A and B machined surface. The value of residual stress on A and B machined surface of #3 are 557.78 Mpa and -277.9 Mpa, respectively. The depth of residual stress layer are 270 um and190 um, respectively. The value of #6 on A and B machined surface are -356.0 Mpa and -338.7 Mpa, respectively, at a depth of 270 um and 175 um, respectively. The value of #8 on A and B machined surface are -367.05 Mpa and -216.9 Mpa, respectively. The depth of residual stress layer are about 220 um and 170um, respectively. The residual compressive stress gradually reduces to zero with increasing depth.
The results can be explained as follows: since the force of disc milling is large, leading to friction and squeezing occur between the cutting tool flank and the workpiece upon the skin layer, and cause severe plastic deformation. In the plastic deformation zone, the specific volume of the skin layer metal increases and the volume expands, while the inner layer metal prevents the transformation. Because the skin layer metal is limited by the inner layer metal, the residual compressive stress is generated on the skin layer metal . In addition, high temperature can be reached in milling zone since Ti-6Al-4V has low heat conductivity and good heat plasticity. Because the contact length between the chip and the rake face is short, the milling heat is difficult to release (Yao et al., 2012) . As a result, microstructure of the skin layer metal is changed and the volume of the skin layer expands, generating residual compressive in skin layer . The combined effect of the milling force and temperature determine the distribution of residual stress. Although the depth of residual stress seems large, the residual compressive stress is profitable to improve fatigue life of parts. Figure 3 also indicates that σ A is bigger than σ B. It is due to that the milling force and milling temperature of machined surface A are bigger than the machined surface B, which induces more plastic deformation, generating more residual stress. 
CONCLUSIONS
1. It proves that σ Ax and σ Ay increase with the increase of a p and v f , but decrease with the increased n. For σ Bx , the residual stress decreases with the increase of n and a p , but increases with the increase of v f based on the prediction model.
2. σ Ax and σ Ay are most sensitive to v f changing, then is n. The insensitive one is a p . σ Bx is most sensitive a p , then is v f , the last is n.
3. Residual compressive stress is observed on all machined surface, the range of residual compressive stress is from -109.777 Mpa to -403.858 Mpa.
4. Residual compressive stress appears below the surface. The residual stress of machined surface A is bigger than the machined surface B. Milling force and heat both have an obvious effect on residual stress.
FUNDINGS
